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Abstract
The oxidation-reduction potentials for the riboflavin complex of the Desulfovibrio vulgaris flavodoxin are substantially
different from those of the flavin mononucleotide (FMN) containing native protein, with the midpoint potential for the
semiquinone-hydroquinone couple for the riboflavin complex being 180 mV less negative. This increase has been attributed
to the absence in the riboflavin complex of unfavorable electrostatic effects of the dianionic 5P-phosphate of the FMN on the
stability of the flavin hydroquinone anion. In this study, 15N and 1H-15N heteronuclear single-quantum coherence nuclear
magnetic resonance spectroscopic studies demonstrate that when bound to the flavodoxin, (1) the N(1) of the riboflavin
hydroquinone remains anionic at pH 7.0 so the protonation of the hydroquinone is not responsible for this increase, (2) the
N(5) position is much more exposed and may be hydrogen bonded to solvent, and (3) that while the hydrogen bonding
interaction at the N(3)H appears stronger, that at the N(5)H in the reduced riboflavin is substantially weaker than for the
native FMN complex. Thus, the higher reduction potential of the riboflavin complex is primarily the consequence of altered
interactions with the flavin ring that affect hydrogen bonding with the N(5)H that disproportionately destabilize the
semiquinone state of the riboflavin rather than through the absence of the electrostatic effects of the 5P-phosphate on the
hydroquinone state. ß 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction
Flavodoxins are small acidic electron transfer pro-
teins that contain one tightly bound £avin mononu-
cleotide (FMN) as their only redox center. These
proteins have been studied extensively and serve as
good model systems in which to study the role of
£avin-protein interactions in the control of the redox
properties of £avoproteins. Flavodoxins share several
distinguishing structural features for the £avin bind-
ing site. Such features include aromatic residues
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£anking the si and/or re faces of the isoalloxazine
ring, the clustering of several acidic residues around
the cofactor binding site, an unusual neutral binding
site for the 5P-phosphate group of the FMN, and the
formation of a new hydrogen bonding interaction at
the N(5)H in the reduced states (Fig. 1) [1,2]. These
features have all been shown to in£uence the redox
potentials and properties of the bound cofactor [2,4^
9].
The 5P-phosphate group of the FMN is important
for cofactor binding [10]. Unlike most other £avo-
doxins, the Desulfovibrio vulgaris apo£avodoxin can
form a complex with ribo£avin, although its a⁄nity
for ribo£avin is substantially weaker than for FMN
[6,10]. However, the midpoint potential for the sq/hq
couple (Esq=hq) for the ribo£avin complex is 180 mV
less negative than the FMN complex of the native
protein. This substantial increase is of interest be-
cause £avodoxins are typi¢ed by their very low
one-electron reduction potential which is of physio-
logical importance [1]. Electrostatic calculations have
suggested that the unfavorable electrostatic interac-
tions between the dianionic 5P-phosphate of the co-
factor and the negative charge of the isoalloxazine
ring in the fully reduced state could contribute sub-
stantially to the low potential of the native protein
[11]. Thus, the absence of the phosphate group in the
ribo£avin complex could logically contribute to the
substantial increase in Esq=hq. However, the addition
of a second phosphate group in the ribo£avin-3P,5P-
bisphosphate complex of the Megasphaera elsdenii
£avodoxin results in a more moderate decrease in
Esq=hq (20 mV) [12]. The introduction of basic amino
acid residues adjacent to the 5P-phosphate to o¡set
its charge increases the reduction potential of the D.
vulgaris £avodoxin by only 15^28 mV [6]. Thus, it
seems unlikely that the substantially higher Esq=hq for
the ribo£avin complex is primarily the consequence
of an electrostatic e¡ect. The destabilization of the
RiboSQ may be a more likely explanation [6]. The
elucidation of the properties of the ribo£avin com-
plex of this £avodoxin should provide greater insight
into the molecular basis for the thermodynamic sta-
bilization of the neutral £avin radical, which is cen-
Fig. 1. Representations of the cofactor binding site in the native FMN (A) (PDB structure 3FX2 and [2]) and ribo£avin (B) (PDB
structure 1BU5 and [15]) complexes of the D. vulgaris £avodoxin in the oxidized state. For clarity, only the residues that form the 5P-
phosphate binding site and several that interact with the N(3)H and N(5) regions of the isoalloxazine ring are included. Comparable
views of both structures are shown. Only the native FMN complex is labeled; however, residues appear in approximately the equiva-
lent positions in panel B. Note the absence of 5P-phosphate (small black arrow) and the slightly di¡erent positioning of the ribityl
side chain in the RiboOX complex. Also, note that the loop containing Gly61 has moved substantially away from the N(5) area (large
green arrow), exposing this part of the cofactor to solvent (indicated by the area enclosed by the black dashed line) and repositioning
the carbonyl oxygen well away from the N(5) position of the ribo£avin. In the native protein, the carbonyl oxygen of Gly61 rotates
to form a hydrogen bond with the N(5)H of the FMN in the reduced states (not shown) (see [3] for details).
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tral to the modulation of the redox potentials in the
£avodoxin and is often central to the catalytic mech-
anisms of many £avoproteins.
In this study, changes in the environment of the
isoalloxazine ring and the hydrogen bonding strength
at the N(3) and N(5) positions in the oxidized and
reduced states of the bound ribo£avin are evaluated
in detail by means of 15N-nuclear magnetic reso-
nance (NMR) spectroscopy of the D. vulgaris apo-
£avodoxin reconstituted with either 15N-labeled
FMN or ribo£avin. Using a similar approach, the
formation of the hydrogen bonding interaction be-
tween the N(5)H of FMN and the carbonyl group of
Gly57 in the Clostridium beijerinckii £avodoxin was
recently shown to be a critical factor in the thermo-
dynamic stabilization of the blue neutral FMNSQ
and in the modulation of the midpoint potentials
of the cofactor [13,14]. The £avin-protein hydrogen
bonding interactions and their role in the regulation
of the redox potentials in both the native protein and
the ribo£avin complex are evaluated and compared
with the crystal structure of the RiboOX complex of
the D. vulgaris £avodoxin [15].
2. Experimental procedures
2.1. Materials
Deuterium oxide (2H2O) was purchased from Flu-
ka Chemicals. Sodium 2,2-dimethyl-2-silapentane-5-
sulfonate and 15NH4Cl (99%) were obtained from
Cambridge Isotope Laboratories. Calf intestinal al-
kaline phosphatase was acquired from Gibco BRL.
15N-Enriched (6 95%) FMN was extracted and pu-
ri¢ed from recombinant C. beijerinckii £avodoxin
obtained from transformed Escherichia coli AG-1
cells cultured on minimal medium with 15NH4Cl as
the only nitrogen source [14].
2.2. Preparation of 15N-enriched ribo£avin
15N-Labeled FMN (1.5 Wmole) was incubated with
calf intestinal alkaline phosphatase (300 units) at
37‡C. Acetonitrile was added after approx. 4 h to a
¢nal concentration of 30% to stop the reaction and
to prepare the sample for chromatography. The 15N-
labeled ribo£avin was puri¢ed by reverse phase
HPLC (C18) in 5 mM sodium phosphate bu¡er,
pH 7.0, using a linear gradient from 0 to 30%
CH3CN.
2.3. Reconstitution of apo£avodoxin with 15N-labeled
FMN and ribo£avin
Recombinant D. vulgaris £avodoxin was puri¢ed
by established procedures [16]. Apo£avodoxin was
prepared by the procedure of Wassink and Mayhew
[17], dissolved in a minimum volume of 10 mM so-
dium phosphate bu¡er (pH 7.0), and dialyzed against
the same bu¡er at 4‡C. The lyophilized apo£avodox-
in was dissolved in a solution containing an appro-
priate molar ratio of 15N-enriched FMN or ribo£a-
vin to prepare the appropriate reconstituted
holo£avodoxin.
2.4. 15N and 1H-15N heteronuclear single-quantum
coherence (HSQC) NMR spectroscopy
Samples for 15N NMR contained approx. 2.0 mM
£avodoxin in 50 mM and 150 mM sodium phosphate
bu¡er (pH 7.0) prepared in 10% 2H2O for the oxi-
dized and reduced state, respectively. The 15N NMR
spectra were recorded at 300 K on either a Bruker
MSL-300, AM-500, or Avance-600 spectrometer op-
erating at 30.4, 50.6, and 60.8 MHz, respectively,
using data acquisition methods described previously
[14]. Samples for the 1H-15N HSQC experiments con-
tained approx. 1.0 mM £avodoxin in 50 mM sodium
phosphate bu¡er (pH 7.0) in 10% 2H2O that had
been made anaerobic and fully reduced as before
[14]. The 1H-15N HSQC NMR spectra [18] were ac-
quired on either a Bruker DMX-600 or DRX-800
spectrometers as described previously [14]. Temper-
ature calibration was performed using methanol and
ethylene glycol [19]. The 15N chemical shifts are ref-
erenced to an external standard of 1.5 M 15NH4NO3
in 1 M HNO3 (21.6 ppm relative to liquid ammonia
set by convention to 0.0 ppm) [20] for 1H-15N HSQC
NMR and 100 mM 15N-urea (76 ppm relative to
liquid ammonia) for 15N NMR. Proton chemical
shifts were referenced to internal standard of sodium
2,2-dimethyl-2-silapentane-5-sulfonate (0.0 ppm). Er-
rors in the 15N and 1H chemical shift values were
estimated to be 0.1 and 0.01 ppm, respectively.
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3. Results
3.1. 15N NMR of the ribo£avin complex in the
oxidized and reduced states
The pyridine-type N(1) and N(5) atoms of ribo£a-
vin cofactors are quite sensitive to hydrogen bonding
and the polarity of their environments [21]. In the
oxidized state, the 15N chemical shift of the N(1)
atom of the ribo£avin complex (186.3 ppm) was
shifted up¢eld by about 2 ppm relative to that of
the FMN in the native £avodoxin (Table 1, Fig.
2A). In both complexes, the 15N(1) chemical shift
was about 3^5 ppm up¢eld from that for FMN in
aqueous solution and by greater than approx. 12
ppm compared to tetraacetylribo£avin (TARF) in
chloroform. These data are consistent with the
strong hydrogen bonding to the protein backbone
that is apparent in the X-ray crystal structures of
both complexes [3,15,21]. In the fully reduced state,
the chemical shift of 15N(1) of the ribo£avin com-
plex (184.7 ppm) was again shifted up¢eld by about
2 ppm relative to the native FMN complex, but re-
mains comparable to that for FMNH3 (182.6 ppm)
(Table 1, Fig. 2B). Given the marked sensitivity of
the 15N(1) chemical shifts to the ionization state of
the £avin HQ (182.6 vs. 128.0 ppm for the anionic
and protonated forms, respectively), these data un-
equivocally indicate that the RiboHQ remains fully
ionized at pH 7.0, just as in the native £avodoxin
[22].
In contrast, the chemical shift for the 15N(5) in the
oxidized ribo£avin complex (331.8 ppm) was sub-
stantially di¡erent than the native D. vulgaris £avo-
doxin, with its chemical shift value about 9 ppm up-
¢eld of that for the bound FMN in the native
protein. This value is more comparable to that of
unbound FMN in aqueous solution than for
TARF in chloroform (334.7 vs. 344.3 ppm, respec-
tively) (Table 1, Fig. 2A). In the fully reduced state,
the chemical shift of 15N(5) in the ribo£avin complex
was again shifted up¢eld, by about 4 ppm relative to
the native £avodoxin (Table 1). These data are con-
sistent with the N(5) position being more exposed to
solvent in the ribo£avin complex in the oxidized
state, and that this condition persists upon reduction
of the £avin. Therefore, it is likely that the hydrogen
bond that forms between the N(5)H and the peptide
backbone of the 60’s loop in the reduced native
FMN complex is either substantially weakened in
the ribo£avin complex or does not form at all. Fur-
ther evidence is provided by the temperature depen-
dence data described below.
Although the chemical shifts for the pyrrole-like
N(3) and N(10) atoms in the oxidized £avin are typ-
ically less sensitive to changes in hydrogen bonding
interactions, some di¡erences were noted. The chem-
ical shift for 15N(3) of the bound ribo£avin was
shifted up¢eld by over 2 ppm relative to the native
protein in both the oxidized and reduced ribo£avin
complexes. Because N(10) cannot participate in hy-
drogen bonding interactions, the sensitivity of its
chemical shift to changes in polarity has been attrib-
uted to alterations in its sp2 hybridization as the
consequence of changes in the polarization of the
isoalloxazine ring resulting from hydrogen bonding
Table 1
15N chemical shifts of free and £avodoxin-bound oxidized and reduced FMN and ribo£avin
Atom Oxidized Reduced
15N chemical shifts (ppm) in: 15N chemical shifts (ppm) in:
native
proteina
ribo£avin
complexc
FMNa TARFb native
proteina
ribo£avin
complexc
FMNH3 a FMNHb2 TARFH
b
2
N(1) 188.0 186.3 190.8 199.9 186.6 184.7 182.6 128.0 116.7
N(3) 159.9 157.6 160.5 159.8 148.3 145.7 149.3 149.7 145.8
N(5) 341.1 331.8 334.7 344.3 62.1 57.7 57.7 58.0 60.4
N(10) 165.6 162.0 164.6 150.2 98.4 95.8 97.2 87.3 72.2
aFrom Vervoort et al. [22].
bFrom Moonen et al. [36].
cThis work.
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interactions at the C(2)O and primarily the C(4)O
atoms [23]. The 15N-chemical shift for N(10) of ribo-
£avin is shifted up¢eld by almost 4 ppm relative to
the native complex, but remains down¢eld of TARF
in chloroform (162.0 vs. 150.2 ppm, respectively).
These results are consistent with the crystal structure
of the RiboOX complex which shows that while the
interaction of C(4)O with the protein backbone
amide of Asp62 found in the native complex is dis-
rupted in the ribo£avin complex, it remains hydrogen
bonded to what appears to be solvent. This up¢eld
shift was retained in the fully reduced state, indicat-
ing that this condition persists after reduction of the
ribo£avin. As will be discussed, these observations
are likely to be of functional signi¢cance.
3.2. Temperature dependent 1H-15N HSQC spectros-
copy studies of FMN and ribo£avin complexes
The temperature dependences for the chemical
shifts of the backbone amide protons in peptides
and proteins have been well characterized and the
temperature coe⁄cient (vN/vT) has been used as a
measure of the strength of intrapeptide hydrogen
bonds involving these atoms [24^28]. We have suc-
cessfully applied this approach in the evaluation of
hydrogen bonding interactions between the £avin co-
factor and the protein in the £avodoxin. We have
found that the temperature coe⁄cient of the N(5)H
of reduced FMN, representing the strength of the
N(5)HWWWO57 interaction, correlates very well with
midpoint potentials for Gly57 mutants of the C. beij-
erinckii £avodoxin, demonstrating the crucial role of
this interaction in establishing the redox properties in
this £avoprotein [14]. As in that study, the temper-
Fig. 3. Temperature dependence of the chemical shift for the
protons on the N(3) and N(5) atoms of the cofactor in the D.
vulgaris £avodoxin reconstituted with 15N-labeled FMN (a) or
ribo£avin (b). (A) N(3)H chemical shifts in the oxidized £avo-
doxin. (B) N(3)H chemical shifts in the fully reduced £avodox-
in. (C) N(5)H chemical shifts in the fully reduced £avodoxin.
Fig. 2. 15N NMR spectra of D. vulgaris apo£avodoxin reconsti-
tuted with 15N-labeled ribo£avin in the oxidized state (A) and
fully reduced state (B).
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ature dependences of the chemical shifts of the hy-
drogen atoms on N(3) and N(5) of the bound FMN
and ribo£avin in the oxidized and fully reduced
states were determined (Fig. 3). Signi¢cant di¡eren-
ces between the temperature coe⁄cients are noted
between the two complexes (Table 2). In the D. vul-
garis £avodoxin, the N(3)H forms a hydrogen bond
with the backbone carbonyl oxygen of Tyr100 in all
three oxidation states (Fig. 1) [3]. Relative to the
native FMN complex, the smaller temperature coef-
¢cients for the N(3)H in the ribo£avin complex in the
oxidized and particularly in the fully reduced state
suggest that the N(3)HWWWO = C100 interaction is stron-
ger in the ribo£avin complex in both redox states.
Unfortunately, line broadening associated with the
paramagnetic e¡ect of the unpaired electron of the
£avin radical precludes the evaluation of the strength
of this interaction in the stabilization of the SQ
[14,29,30]. However, the structures of both the semi-
quinone and hydroquinone redox states are very sim-
ilar in the native protein and NMR data in the fully
reduced state have been used to evaluate interactions
with the SQ [3,14]. Thus, the data suggest that a
strong hydrogen bonding interaction persists in all
three redox states in the ribo£avin complex.
An HSQC signal for the N(5)H in the fully re-
duced ribo£avin complex was not observed in the
600 MHz spectrometer in the temperature range
273^314 K, but was visible in the 800 MHz instru-
ment. The temperature coe⁄cient for the N(5)H in
the fully reduced ribo£avin complex was approx.
310 ppb/K (Fig. 3C and Table 2) or about twice
that of the native protein (34.91 ppb/K). This rather
large increase in the temperature coe⁄cient is consis-
tent with a substantially weaker N(5)HWWWO = C61 in-
teraction in the ribo£avin complex of the D. vulgaris
apo£avodoxin. In fact, given the absolute magnitude
of the temperature coe⁄cient, it is quite possible that
the N(5)H is primarily interacting with solvent rather
than the protein itself [25], a conclusion that is con-
sistent with the substantial up¢eld shift in the signal
for 15N(5) discussed above (Table 1). Unlike the
N(3)H, the 1H-15N cross-correlation peak for the
N(5)H disappeared above approx. 295 K (Fig. 3C).
A loss of signal was also noted for the G57T mutant
of the C. beijerinckii £avodoxin which also displays
the markedly elevated temperature coe⁄cient of
39.3 ppb/K [14]. The X-ray crystal structure of the
fully reduced G57T mutant suggests that a weak hy-
drogen bond is retained at N(5)H with altered geom-
etry and H-bond distances. It is also possible that a
fraction of the reduced protein population actually
has the carbonyl group oriented away from the
N(5)H [13]. Thus, the NMR data for the reduced
ribo£avin complex re£ect an increased exchange
rate due to increased solvent exposure and/or as a
consequence of a moderately rapid conformational
equilibrium involving the rotation of the carbonyl
group of Gly61 suggesting that N(5)HWWWO = C61 inter-
action is either very weak or non-existent. It is of
signi¢cance to note that this interaction already ap-
pears to be weaker in the native D. vulgaris (FMN)
complex than in the C. beijerinckii £avodoxin, based
on its signi¢cantly higher temperature coe⁄cient
(34.91 vs. 30.824 ppb/K, respectively, see [14]). Be-
cause this interaction is crucial for the stabilization
of the £avin semiquinone, this di¡erence may also
re£ect the signi¢cantly lower Eox=sq value for the D.
vulgaris £avodoxin (3148 mV vs. 392 mV for the C.
beijerinckii £avodoxin).
Table 2
Comparison of the midpoint potentials and the temperature coe⁄cients for the oxidized and fully reduced states of the FMN and ri-
bo£avin complexes of the D. vulgaris £avodoxin
Sample Eox=sq (mV) Esq=hq (mV) Temperature coe⁄cient (vN/vT) (ppb/K)
oxidized fully reduced
N(3)H N(3)H N(5)H
Native protein 3148a 3443a 33.30 32.29 34.91
Ribo£avin complex 3228b 3257b 32.46 30.639 39.88
FMN and ribo£avin 3314c 3124c
aSwenson and Krey [4].
bZhou and Swenson [6].
cAnderson [37].
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4. Discussion
The phosphate subsite of the cofactor binding
pocket has long been recognized as an unusual char-
acteristic of the £avodoxin [1^3]. The site is devoid of
basic amino acid residues to ion pair with the 5P-
phosphate moiety of the cofactor. Instead, the phos-
phate is bound through an extensive network of hy-
drogen bonds with backbone atoms and neutral ami-
no acid side chains. These interactions contribute
signi¢cantly to the overall binding free energy of
the cofactor as shown by the fact that £avodoxins
bind ribo£avin with considerably lower a⁄nity or, in
some cases, not at all [1,2]. Furthermore, the phos-
phate-protein interactions are similar in all three ox-
idation states of the cofactor [2,3] suggesting that
alterations in these interactions might a¡ect all three
redox states similarly with little e¡ect on the mid-
point potentials of the cofactor. However, the
Esq=hq values for the ribo£avin complexes of the D.
vulgaris, Anabaena variabilis, and Azotobacter vine-
landii apo£avodoxins are all higher than for the na-
tive proteins. Why is this?
The uncompensated charge on the 5P-phosphate of
the FMN has been proposed to play a role in estab-
lishing the low midpoint potentials of the cofactor by
establishing unfavorable electrostatic interactions
with the negative charge that develops on the
FMNHQ [11]. This e¡ect has been calculated to lower
Esq=hq by as much as 180 mV, about the same as
observed for the ribo£avin complex. However, the
midpoint potentials of both £avin couples are af-
fected in the ribo£avin complex, with the Eox=sq de-
creasing by approx. 80 mV while that for Esq=hq is
increased by about 180 mV as compared with the
native FMN complex. These changes are more con-
sistent with the preferential destabilization of the
RiboSQ, the common intermediate in both couples.
This conclusion is supported by the comparison of
the relative binding free energies for each oxidation
state of the cofactor for both complexes. These val-
ues are based on the published dissociation constants
for oxidized state in each case and, for the two re-
duced states, from the shift in the midpoint poten-
tials of the £avin cofactors when bound (see [6]).
Both the RiboOX and RiboSQ complexes are less sta-
ble than for the FMN cofactor in the native protein
(by 2.7 and 4.6 kcal/mol, respectively) while the
stability of the RiboHQ complex was essentially un-
a¡ected. Thus, it is clear that the stability of the
semiquinone state is a¡ected to a signi¢cantly greater
extent than the other redox states in the ribo£avin
complex. What are the structural changes responsible
for this?
The X-ray crystal structure for the ribo£avin com-
plex of the D. vulgaris £avodoxin in the oxidized
state has been solved recently [15]. The overall struc-
ture of the protein is similar to the native protein
(rms deviation of 0.434 Aî for the superposition of
the CK atoms) with the exception of the ‘60’s loop’
(Ser58-Ile64). This loop has moved away from the
£avin isoalloxazine ring with the maximum displace-
ment of 3.75 Aî for the CK of Asp62 (see Fig. 1B)
[15]. This results in greater solvent exposure and a
disruption of some of the hydrogen bonding interac-
tions. In fact, additional water molecules are ob-
served near the C(4)O in the RiboOX complex. These
observations are consistent with the reduced binding
a⁄nity of RiboOX and with the 1D-NMR results
reported here. However, do these conditions persist
in the reduced states? This is of signi¢cance because
it is the sq/hq couple that is perturbed the most in
the ribo£avin complex. Crystal structures of the ri-
bo£avin complex in the reduced states are not yet
available so this question is primarily addressed in
this study.
In the native D. vulgaris £avodoxin, a small con-
formational change within a polypeptide loop posi-
tion near the N(5) position of the cofactor is appar-
ent in the reduced structures. This change involves a
peptide bond between Gly61 and Asp62 and results
in the formation of a hydrogen bond between the
carbonyl group and the N(5)H of the reduced £avin
[3]. The NMR data for the fully reduced ribo£avin
complex presented here demonstrate that the isoal-
loxazine ring of the ribo£avin continues to remain
much more exposed to solvent than in the native
complex. The substantial up¢eld shift of the N(5)
chemical shift also implies that the hydrogen bonding
at N(5)H remains disrupted. This is more substan-
tially supported by the greatly increased temperature
coe⁄cient for the N(5)H in the ribo£avin complex,
observed to be nearly twice that of the native protein
and more consistent with solvent interactions rather
than hydrogen bonding with the protein. It is quite
unfortunate that NMR data cannot be obtained for
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the SQ complexes because of the paramagnetic
broadening e¡ects of the unpaired electron. How-
ever, it is reasonable to assume that the NMR ob-
servations in the fully reduced state can be extrapo-
lated to the SQ complex because of the high degree
of structural similarity of the two reduced states, at
least for the native protein [3,14,31]. Thus, the evi-
dence provided here strongly supports our previous
conclusion that much of the increase of 180 mV in
Esq=hq for the ribo£avin complex (representing a de-
crease in free energy of 4.1 kcal/mol relative to the
native protein) can be attributed primarily to the less
stable RiboSQ complex rather than to the stabiliza-
tion of the RiboHQ by the absence of the (dianionic)
5P-phosphate moiety [6]. In fact, it was apparent
from the binding free energy changes that the
RiboHQ was a¡ected to a lesser extent than the other
two redox states. Why is this?
An obvious possibility is that, unlike for the native
FMN complex, the RiboHQ is able to be protonated
in this more solvent exposed complex, thereby over-
coming the unfavorable electrostatic interactions
with the acidic amino acid residues clustered around
the cofactor binding site, an interaction that is
known to play an important role in lowering Esq=hq
[6,7]. However, the 15N NMR data (Table 1, Fig. 2B)
unequivocally indicated that the RiboHQ was anionic
at pH 7.0 and that the N(1) remained strongly hy-
drogen bonded to the protein. These data were ob-
tained under similar conditions and at the same pH
as used during the determination of the midpoint
potentials and, therefore, excludes this possibility.
However, the stability of the RiboHQ may be altered
in a number of other ways. (1) The absence of the
electrostatic e¡ects of the anionic 5P-phosphate group
in the ribo£avin complex could contribute up to 40
mV of the increase in Esq=hq based on the introduc-
tion of compensating positive charges in the phos-
phate binding loop in this £avodoxin [6]. However,
it is also possible that an inorganic phosphate group
is bound to this loop as these experiments were con-
ducted in phosphate bu¡ers [15], although at a con-
centration perhaps too low for saturation (unpub-
lished results). (2) A general increase in the polarity
associated with the greater solvent exposure of the
isoalloxazine ring is evident in the crystal structure of
the RiboOX complex. The 15N NMR and tempera-
ture coe⁄cient data presented here indicate that this
condition persists in the reduced complex as well,
which should help moderate some of the unfavorable
electrostatic interactions with the anionic HQ [4,7].
(3) Aromatic stacking interactions are an important
force in ligand binding and protein stability [32^34]
and in the modulation of £avin redox properties
[4,7,8,35]. It is possible that the reorientation of the
isoalloxazine ring in the reduced ribo£avin complex
may lessen the Z-Z interactions between the electron-
rich £avin HQ and the Tyr98 side chain. However, at
least for the oxidized state, the crystal structure of
the ribo£avin complex suggests that the orientation
of the phenol ring of Tyr98 allows for even greater Z-
orbital overlap [15]. (4) Based on the temperature
coe⁄cients presented here, the N(3)HWWWO = C100 hy-
drogen bonding interaction appears to be stronger in
the ribo£avin complex. In fact, Walsh et al. [15] re-
port a slightly shorter distance and an altered geom-
etry between N(3)H and the carbonyl oxygen of
Tyr100 in the RiboOX complex. The strength of
this interaction (relative to FMN) actually seems to
increase upon reduction to the HQ (Tables 1 and 2,
Fig. 3B). The stronger N(3)HWWWO = C100 interaction
for the RiboHQ complex could contribute to its great-
er relative stability, possibly partially o¡setting the
loss or substantial weakening of the N(5)HWWWO = C61
interaction that normally develops upon reduction of
the native protein [3].
In conclusion, the 5P-phosphate group of the FMN
appears to assist in establishing an optimal binding
con¢guration of the cofactor through the hydrogen
bonding network [3]. Without this anchoring group,
the binding of oxidized ribo£avin to D. vulgaris apo-
£avodoxin becomes weaker and the position of the
isoalloxazine ring in the binding site and the struc-
ture of the 60’s loop are altered, moving away from
the £avin ring and allowing greater solvent exposure
of the cofactor [15]. It is not yet known if such
changes persist in the X-ray crystal structure of the
reduced state. However, the NMR results presented
in this study argue that they do, resulting in a sub-
stantial weakening of the N(5)HWWWO = C61 interaction
and the greater solvent exposure of the N(5) in the
reduced ribo£avin complex, contributing to the dis-
proportional destabilization of the RiboSQ. Thus, we
once again conclude that the 180 mV increase in
Esq=hq for the ribo£avin complex is not primarily
the result of the elimination of unfavorable electro-
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static interactions between the 5P-phosphate and the
charge on N(1) of the £avin hydroquinone. It is also
of signi¢cance to note that the changes in the tem-
perature coe⁄cients for the N(5)H of the reduced
£avin and in the midpoint potentials for both cou-
ples of the ribo£avin complex follow similar correla-
tions as those obtained for the Gly57 mutants in the
C. beijerinckii £avodoxin [14] providing further evi-
dence for the relationship between this measure of
hydrogen bonding strength and the regulation of
the midpoint potentials of the cofactor.
This study adds to an accumulating body of evi-
dence in a variety of £avodoxins that point to the
crucial role of the hydrogen bonding interaction at
the N(5)H in the stabilization of the semiquinone,
more so than the hydroquinone. Amino acid replace-
ments at or near the peptide bond that provides the
hydrogen bond to the N(5)H can directly a¡ect this
interaction and the stability of the semiquinone. Fur-
thermore, the ‘anchoring e¡ects’ of other £avin-pro-
tein contacts can also indirectly contribute to this
important interaction as well. We have demonstrated
that for the E59Q mutant of the C. beijerinckii £a-
vodoxin, the disruption of the hydrogen bond bridge
provided by the carboxylate group of Glu59 between
the N(3)H and the adjacent peptide backbone results
in the weakening of the interactions at the C(4)O and
the N(5)H of the FMN [31]. For the ribo£avin com-
plex, the loss of the anchoring e¡ects of the 5P-phos-
phate also appears to disrupt these interactions, al-
lowing the 60’s loop to move away while retaining
close contacts between the protein and the £avin at
the N(1) and N(3)H atoms. Because these interac-
tions are commonly found in £avin binding sites,
one can conclude that the ‘tuning’ of these interac-
tions represents an important means of the regula-
tion of the binding and redox properties of £avin
cofactor in £avoproteins.
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